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Processed by Luminess, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 4 160 184 A1
Description
[Technical Field]
[0001] The present invention relates to a simulation device, a simulation method, and a program.
[Background Art]

[0002] Patent Literature 1 discloses a simulation apparatus including an input apparatus that performs an input of a
simulation condition, an output apparatus that performs an output of a simulation result, and a processing apparatus
that analyzes behavior of a granular material that includes a plurality of particles having different sizes based on the
simulation condition input from the input apparatus, wherein the processing apparatus obtains the behavior of a coarse-
view granular material by a simulation based on a value of a parameter that defines a particle diameter distribution of a
granular material to be simulated and a value of a coarse-view coefficient which is a reference for coarsely viewing the
particles, which are input from the input apparatus, and associates the behavior of the particles obtained by the simulation
with the input value of the coarse-view coefficient and outputs the result to the output apparatus.

[Citation List]
[Patent Literature]

[0003] [PTL 1]
Japanese Laid-Open Patent Publication No. 2020-57135

[Summary of Invention]
[Technical Problem]

[0004] Toimprove processes in factories and reduce the number of test steps when reviewing a manufacturing process,
attempts have been made to analyze the behavior of granular material including multiple particles (granular material
particles) using a discrete element method (DEM) calculation, or the like.

[0005] The discrete element method calculation is a simulation technique that describes the movement of the granular
material as a whole by solving an equation of motion for each particle.

[0006] However, in discrete element method calculations, as the number of particles to be handled increases, the
calculation load increases. For this reason, when analyzing a behavior of a granular material on a large scale, such as
that of a plant used in a factory, since the amount of calculation becomes vast in size, in practice, it becomes difficult to
perform the calculations.

[0007] Therefore, a simulation apparatus using a coarse-view method using a particle group including multiple particles
as a single coarse-view particle has been studied (see Patent Document 1). The simulation apparatus using the coarse-
view method requires the appropriate selection of parameters for the coarse-view particle to be used in the calculation
in order to obtain accurate analysis results. Therefore, there was a need for a new simulation device capable of selecting
and setting parameters for coarse-view particles using a new method and analyzing the behavior of the granular material
including multiple particles.

[0008] In view of the above-described problems in the related art, an object of the present invention is to provide a
new simulation device capable of analyzing behavior of a granular material including multiple particles.

[Solution to Problem]

[0009] In order to solve the above problem, an aspect of the present invention is to provide a simulation device for
analyzing behavior of a granular material that includes a plurality of particles. The simulation device includes a first
parameter acquisition unit that acquires a first parameter including a parameter related to the granular material, a second
parameter calculation unit that calculates a second parameter, when a particle group including the plurality of particles
is coarsely viewed to form a single coarse-view particle, the second parameter being a parameter with respect to the
coarse-view particle, and a coarse-view particle behavior analysis unit that analyzes a behavior of the coarse-view
particle based on the first parameter and the second parameter. The second parameter calculation unit calculates the
second parameter by using a solution of a characteristic equation using a relationship between an elastic energy of the
particle group and an elastic energy of the coarse-view particle.
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[Advantageous Effects of Invention]

[0010] According to one aspect of the present invention, a new simulation device capable of analyzing a behavior of
a granular material including multiple particles.

[Brief Description of the Drawings]
[0011]

FIG. 1A is an explanatory diagram illustrating a collision between a particle group including multiple particles and
a wall;

FIG. 1B is an explanatory diagram illustrating the collision between the particle group including multiple particles
and the wall;

FIG. 2A is an explanatory diagram illustrating a coarse-view particle in which a particle group including multiple
particles is coarsely viewed, and a collision of the coarse-view particle with a wall;

FIG. 2B is an explanatory diagram illustrating the coarse-view particle in which the particle group including multiple
particles is coarsely viewed, and the collision of the coarse-view particle with the wall;

FIG. 3 is a hardware configuration diagram of a simulation device according to an embodiment of the present
invention;

FIG. 4 is a block diagram illustrating functions of the simulation device according to an embodiment of the present
invention;

FIG. 5 is a flowchart illustrating a simulation method according to an embodiment of the present invention;

FIG. 6 is a graph illustrating a change in an average temperature of a granular material in Experimental Example 1;
FIG. 7A illustrates a state of mixing of a granular material in a kiln in Embodiment 2-1;

FIG. 7B illustrates a state of mixing of the granular material in a kiln in Embodiment 2-1;

FIG. 7C illustrates a state of mixing of the granular material in the kiln in Embodiment 2-1;

FIG. 7D illustrates a state of mixing of the granular material in the kiln in Embodiment 2-1;

FIG. 8A illustrates a state of mixing of a granular material in the kiln in Comparative Example 2-1;

FIG. 8B illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-1;

FIG. 8C illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-1;

FIG. 8D illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-1;

FIG. 9A illustrates a state of mixing of a granular material in the kiln in Comparative Example 2-2;

FIG. 9B illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-2;

FIG. 9C illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-2;

FIG. 9D illustrates a state of mixing of the granular material in the kiln in Comparative Example 2-2;

FIG. 10A illustrates a temperature distribution of a granular material in the kiln in Embodiment 2-1;

FIG. 10B illustrates a temperature distribution of the granular material in the kiln in Embodiment 2-1;

FIG. 10C illustrates a temperature distribution of the granular material in the kiln in Embodiment 2-1;

FIG. 11A illustrates a temperature distribution of a granular material in the kiln in Comparative Example 2-1;

FIG. 11B illustrates a temperature distribution of the granular material in the kiln in Comparative Example 2-1;
FIG. 11C illustrates a temperature distribution of the granular material in the kiln in Comparative Example 2-1;
FIG. 12A illustrates a temperature distribution of a granular material in the kiln in Comparative Example 2-2;

FIG. 12B illustrates a temperature distribution of the granular material in the kiln in Comparative Example 2-2;
FIG. 12C illustrates a temperature distribution of the granular material in the kiln in Comparative Example 2-2; and
FIG. 13is a graph illustrating a change in an average temperature of a granular material in Experimental Example 2.

[Description of Embodiments]

[0012] Specific examples of a simulation device, a simulation method, and a program according to an embodiment of
the present disclosure (hereinafter referred to as the "present embodiment") are described below with reference to the
drawings. It should be noted that the present invention is not limited to these examples, but is indicated by the claims
and is intended to include all modifications within the meaning and scope equal to the claims.
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1. First Embodiment
<Simulation Device>
(1) Parameter used for coarse-view particle and calculating particle behavior of coarse-view particle
(1-1) Coarse-view of particle

[0013] Before describing the details of the simulation device of the present embodiment, a method of coarsely viewing
a particle group including multiple particles and calculating a parameter related to the coarse-view particle, which can
be used in the simulation device of the present embodiment, will be described below.

[0014] As described above, in the discrete element method calculation, as the number of particles to be handled
increases, the calculation load increases. For this reason, when analyzing a behavior of a granular material on a large
scale, such as that of a plant used in a factory, since the amount of calculation becomes vast in size, in practice, it
becomes difficult to perform the calculations.

[0015] Therefore, when analyzing a behavior of a granular material including a large number of particles, in order to
reduce the amount of calculation, for example, a technique of coarse-view, in which a particle group 11 including multiple
particles illustrated in FIG. 1A is treated as a coarse-view particle 21 which is a single large particle, as illustrated in FIG.
2A, is required.

[0016] However, some parameters required for the calculation will change because the specific surface area or the
like is different between the individual particles before being coarsely viewed and the coarse-view particle. Therefore,
a parameter of the coarse-view particle is required to be determined appropriately.

(1-2) Parameter used to calculate particle behavior of coarse-view particle

[0017] Therefore, the inventors of the present invention investigated a method of determining a parameter related to
the coarse-view particle. In the calculation, a model was used in which a particle group 11 including multiple particles
before being coarsely viewed, which is illustrated in FIG. 1A collided with a wall surface 12 and in which the coarse-view
particle 21 illustrated in FIG. 2A collided with the wall surface 12. The following description describes a method of
determining the parameter of the coarse-view particle by using the case where there is collision between the wall surface
and one particle. However, description regarding a case where when particles collide with each other will be omitted
because the description is substantially the same.

[0018] As illustrated in FIG. 1A, suppose that a particle group 11 including multiple particles is arranged in a cubic
shape with two particles each in a vertical direction, a horizontal direction, and a height direction, for a total of 23 particles.
As will be described later, when the eight particles are combined into a single coarse-view particle, the number of particles
arranged in one side direction, i.e., 2, is used as a coarse-view magnification.

[0019] When the particle group 11 including multiple particles 11A and 11B illustrated in FIG. 1A collides with the wall
surface 12, the force that the particle 11A located on the wall surface 12 side of the particle group 11 receives from the
wall surface or from an external particle is designated as F,, as illustrated in FIG. 1B. Further, as illustrated in FIG. 1B,
the amount of overlap of the particle 11A with the wall surface 12 or with the external particle is denoted as 3,,, and the
amount of overlap of the particle 11B with adjacent particle 11A is denoted as Sp. FIG. 1B is a side view when the particle
group 11 collides with the wall surface 12.

[0020] In this case, the magnitude of the force applied to the particle group 11 can be expressed by the following
Formula (1)

[0021] Note thatain Formula (1) denotes the coarse-view magnification, which means the number of particles arranged
in one side direction when the particle group 11 is made into a single coarse-view particle as described above. If the
particle group 11 illustrated in FIG. 1A is made into the single coarse-view particle 21 illustrated in FIG. 2A, then o = 2.
[0022] Also, m denotes the mass of each particle 11A and 11B, ag denotes the acceleration of a center of gravity of
the particle group 11, and n,, denotes the viscosity coefficient calculated from the restitution between the wall surface
12 or the external particle and the particle 11A. The contact force between the particles is eliminated due to the law of
action-reaction, so that the force Fp received by the particle 11B, which is not in direct contact with the wall surface 12,
from the adjacent particle 11A will not appear in Formula (1).

[Math 1]

a’ma; = a’F,, — a’n,,6, =ee (1)

[0023] Further, the relationship between a restitution e and a viscosity coefficient n, which is used when calculating
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the above-mentioned n,, or the like from the restitution, can be expressed by the following Formula (A). In Formula (A),
m- denotes a converted mass and K denotes a spring coefficient.
[Math 2]

21 mK (A)
n =—2loge "
\/nz + (loge)?

[0024] Next, as illustrated in FIG. 2A, the particle group 11 including eight particles illustrated in FIG. 1A is assumed
to be a single coarse-view particle 21. In this case, when the coarse-view particle 21 collides with the wall surface 12,
the force that the coarse-view particle 21 receives can be expressed by the following Formula (2).

[0025] In Formula (2), F, denotes the force that the coarse-view particle 21 receives from the wall surface 12 or the
external particle, 5, denotes the amount of overlap of the coarse-view particle 21 with the wall surface 12 or with the
external particle, and 3, denotes the viscosity coefficient calculated from the restitution between the coarse-view particle
21 and the wall surface 12 or the external particle, as illustrated in FIG. 2B. FIG. 2B is a side view when the coarse-view
particle 21 collides with the wall surface 12.

[Math 3]

a’mag = Fcy — Newbcw -+ (2)

[0026] As described above, coarse-view is performed to reduce the amount of calculation in the discrete element
method calculation. Therefore, the calculated result for the coarse-view particle 21 is consistent with the calculated result
for the particle group 11 before the coarse-view particle 21 is coarsely viewed.

[0027] Therefore, the following Formula (3) and Formula (4) are derived from Formula (1) calculated for the particle
group 11 and Formula (2) calculated for the coarse-view particle 21. Formula (3) and Formula (4) indicate that the
corresponding parameters match.

[Math 4]

F,, = a?F,, e (3)

[Math 5]

770w30w = “an3w =+ (4)

[0028] Further, by using the Hertz-Mindlin contact model, the force applied to each particle can be expressed as the
following Formula (5) to Formula (7) using the amount of overlap 5, By, and g, of the particle. In Formula (5) to Formula
(7), Ky, denotes the spring coefficient between the particle 11A and the wall surface 12 or the external particle, K, denotes
the spring coefficient between the internal particle of the particle group 11, and K, denotes the spring coefficient between
the coarse-view particle 21 and the wall surface 12 or the external particle.

[Math 6]
3
Fy, = —K,6y2 r= = (5)
[Math 7]
5 (6)
Fp =—K,6,2
[Math 8]
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3
F., =—-K.,6.2 nee (7)

[0029] Then, the following relation of Formula (8) is derived from Formula (3), Formula (5), and Formula (7).
[Math 9]

3 3
—K b2 = _aZKw6w2 -+ (8)

[0030] By defining K, as in Formula (9) below, Formula (8) can be expressed as in Formula (10) below.
[Math 10]

K.,
K d=Ef — L B B
[Math 11]
2
6y = K, 36, -+ (10)

[0031] If the center of gravity of the particle group 11 before being coarsely viewed and the coarse-view particle 21
coincide, the following relation of Formula (11) is satisfied.
[Math 12]

8y + 3(a—1)8, = 6, = (11)

[0032] Therefore, by appropriately setting K, it can also be seen that the amount of overlap of the particles constituting
the particle group 11 before being coarsely viewed can be calculated from the amount of overlap 5,y of the coarse-
view particle 21 and the wall surface 12 or the external particle.

[0033] Then, K, can be calculated by the characteristic equation using the relationship between the elastic energy of
the particle group 11 before being coarsely viewed during the collision and the elastic energy of the coarse-view particle
21. Specifically, for example, a characteristic equation can be created to calculate K, on the assumption that the elastic
energy of the entire particle group 11 before being coarsely viewed is equal to the elastic energy of the entire coarse-
view particle.

[0034] The elastic energy of the particle group 11 and the coarse-view particle colliding with the wall surface 12 can
be calculated by integrating Formula (5) to Formula (7), which express the force applied to the particles 11A and 11B
constituting the particle group 11 and the force applied to the coarse-view particle, at the distance of the amount of overlap.
[0035] Therefore, using the elastic energy of the entire particle group 11 before being coarsely viewed and the elastic
energy of the entire coarse-view particle, the following Formula (12) is obtained.

[Math 13]

2 5 2 5 2 5
gazZKW(SWz +z (¢ — 1)a*K,8,2 = gchacwz ---(12)

[0036] The above Formula (12) can be transformed into the following Formula (13) using the aforementioned Formula
(8) to Formula (11).
[Math 14]
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N U1

2(1—1{,%) === (13)

K%+(a—1)ﬁ —K,=0
T KW a—l r—

[0037] Formula (13) is a characteristic equation of K in the vertical direction. Further, as it is clear from the defining
equation of Formula (9), K, is a parameter related to the amount of overlap between the coarse-view particle and the
particle constituting the particle group 11 before being coarsely viewed and is a parameter controlling the behavior of
the coarse-view particle. Therefore, by obtaining K, in advance by the characteristic equation, it becomes possible to
calculate a parameter with respect to the coarse-view particle, such as calculating the amount of overlap of a particle
group before being coarsely viewed from the amount of overlap of the coarse-view particle, and to calculate the behavior
of the coarse-view particle.

[0038] Heretofore, although the equation of motion in the vertical direction with respect to the wall surface 12 has been
used for explanation, the same applies to an equation of motion in the tangential direction and to an equation of motion
in the rotation.

[0039] Specifically, an equation of motion in the tangential direction can be expressed by Formula (14).

[0040] In this case, when K is set as illustrated in Formula (15), 5,, and 3, can be expressed as Formula (16) and
Formula (17). If the elastic energy of the particle group before being coarsely viewed is equal to the elastic energy of
the coarse-view particle, Formula (18) is obtained. Formula (19), which is a characteristic equation in the tangential
direction can be obtained by modifying Formula (18). However, a linear spring model was used for the contact model
in the tangential direction. As described above, although the formula for calculating the elastic energy varies depending
on the contact model, the elastic energy can be appropriately calculated by changing the characteristic equation as

necessary.
[Math 15]
a’ma,, = —a’K, 8, — a’n,s,, - (14)
[Math 16]
KCW
K. dr W e
"= 2K, (15)
[Math 17]
0w = K6,y -+ (16)
[Math 18]
_2(1-K;)o e
6p— T cw/a_1 (17)

[Math 19]

1 1 1

Eazxwawz + (a — 1)a2§K,,6p2 = EKCWSCWZ -+ (18)
[Math 20]
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2
Krz_l_(a_l)%(Z(l—Kr)/a_l) — K, -+ (19)

w
[0041] The equation of motion of rotation will be described in detail in a second embodiment.
(1-3) Parameter related to heat transfer of coarse-view particle

[0042] The aforementioned K, can also be used to determine the thermal conductivity, which is a parameter related
to the heat transfer of the coarse-view particle.

[0043] The heat transfer of the particle is described by the following Formula (20) and Formula (21) by using the
thermal conductivity.

[0044] InFormula (20)and Formula (21), Q denotes the heat flow rate, h denotes the heat flow coefficient, AT denotes
the temperature difference between the wall surfaces or between the particles, K, denotes the thermal conductivity
between the wall surface 12 or the external particles and the particle 11A, Kp denotes the thermal conductivity inside
the particle group 11, and a denotes the contact radius of the particle group 11.

[Math 21]
Q = hAT ==+ (20)
[Math 22]
k., k
h=—_%7° e
ko + Iy a (21)

[0045] Since the contact radius between the particle and the wall surface or another particle changes according to the
particle size, as the particle size increases, the heat flow rate applied to the particle changes, which affects the temperature
change of the particle.

[0046] The contact radius depends on the amount of overlap of each particle. Further, as described above, the amount
of overlap before and after the coarse-view is related to the solution of the characteristic equation in the vertical direction.
Therefore, when the heat transfer equation is rewritten by using the solution K, of the characteristic equation in the
vertical direction, the following Formula (22) and Formula (23) are obtained.

[0047] InFormula (23), a’ denotes the contact radius of the coarse-view particle and r denotes the radius of the particle
constituting the particle group 11.

[Math 23]

Q = a?hAT a1 (22)

[Math 24]

ks ks koky [z
h=———a'"=———/2r8,, = ———|2rK,36 -+ (23
P A e e I e (23)

w

[0048] Then, the heat transfer equation of the coarse-view particle can be expressed by the following Formula (24)
and Formula (25).

[0049] In Formula (24) and Formula (25), Q. denotes the heat flow rate of the coarse-view particle, h, denotes the
heat flow coefficient of the coarse-view particle, AT denotes the temperature difference between the coarse-view particle
21 and the wall surface 12 or the external particle, K’,, denotes the thermal conductivity between the wall surface 12
and the coarse-view particle 21, and K’p denotes the thermal conductivity between the external particle and the coarse-
view particle.

[Math 25]
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Q. = h AT, -« - (24)

[Math 26]

ki k! ki k!
h = p ! = p 2 6 "
Ky + k& T g+ kg VT Oew (25)

[0050] Focusing on thermal conductivity, by using K, to convert the thermal conductivity before and after the coarse-
view into the following Formula (26) and Formula (27), the equivalent heat conduction equation before and after the
coarse-view can be obtained. Note that AT, = aAT.

[Math 27]
1
ki, = K3a2k +++(26)
[Math 28]
3 (27)
r 3 .5 "
kp =K; aka

[0051] In other words, when performing coarse-view, by multiplying the thermal conductivity by K, 130172, the heat flow
rate given to the particle group before being coarsely viewed and the heat flow rate given to the particle after being
coarsely viewed can be made the same. As a result, the time change of temperature can be made to match before and
after coarse-view.

[0052] Note that, although the thermal conductivity before and after the coarse-view is explained here as an example,
parameters other than the thermal conductivity can be calculated similarly after being coarsely viewed, by using the
solution K, of the aforementioned characteristic equation. For example, the coefficient of restitution, the coefficient of
friction and the coefficient of rolling friction can be calculated using a characteristic equation. Further, depending on the
model used in the calculation, these coefficients are adjustable and can be calculated and converted using the charac-
teristic equation as described above.

(2) Simulation device

[0053] The simulation device of the present embodiment is a simulation device for analyzing the behavior of a granular
material including multiple particles and can have the following members. A first parameter acquisition unit acquires a
first parameter including a parameter related to a granular material. A second parameter calculation unit calculates a
second parameter, which is a parameter for a coarse-view particle, when a particle group including multiple particles is
coarsely viewed to form a single coarse-view particle. A coarse-view particle behavior analysis unit analyzes the behavior
of the coarse-view particle based on the first parameter and the second parameter.

[0054] The second parameter calculation unit calculates the second parameter by using a solution of the characteristic
equation that uses a relationship between an elastic energy of the particle group and an elastic energy of the coarse-
view particle.

[0055] As illustrated in the hardware configuration diagram illustrated in FIG. 3, a simulation device 30 of the present
embodiment, for example, includes an information processing unit (computer), and can be physically configured as a
computer system including a Central Processing Unit (processor) (CPU) 31 as an arithmetic processing unit, a Random
Access Memory (RAM) 32 or a Read-only Memory (ROM) 33 as a main storage device, an auxiliary storage device 34,
an input/output interface 35, and a display device 36 as an output device. These are interconnected by a bus 37. The
auxiliary storage device 34 and the display device 36 may be provided externally.

[0056] The CPU 31 controls the overall operation of the simulation device 30 and performs various kinds of information
processing. The CPU 31 can calculate the second parameter, which is a parameter for the coarse-view particle, and
analyze the behavior of the coarse-view particle by executing, for example, a simulation method described later or a
program (simulation program) stored in the ROM 33 or the auxiliary storage device 34.

[0057] The RAM 32 is used as a work area for the CPU 31 and may include a nonvolatile RAM that stores key control
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parameters and information.

[0058] The ROM 33 can store a program (simulation program) or the like.

[0059] The auxiliary storage device 34 is a storage device such as a Solid State Drive (SSD) or a Hard Disk Drive
(HDD) and can store various data, files, or the like, necessary for the operation of the simulation device.

[0060] The input/output interface 35 includes both a user interface such as a touch panel, keyboard, display screen,
and operation buttons, and a communication interface that takes in information from an external data storage server
and outputs analysis information to other electronic devices.

[0061] The display device 36 is a monitor display or the like. In the display device 36, an analysis screen is displayed,
and the screen is updated according to input/output operations via the input/output interface 35.

[0062] Each function of the simulation device 30 illustrated in FIG. 3 can be implemented by reading a program
(simulation program) or the like from a main storage device such as RAM 32 or ROM 33 or an auxiliary storage device
34 and executing it by the CPU 31, thereby reading and writing data from and to the RAM 32 or the like, and operating
the input/output interface 35 and the display device 36.

[0063] FIG. 4 illustrates a functional block diagram of the simulation device 30 of the present embodiment.

[0064] As illustrated in FIG. 4, the simulation device 30 may include a reception unit 41, a processing device 42, and
an output unit 43. Each of these parts is an information processing device such as a personal computer provided with
a CPU, a storage device, and various interfaces of the simulation device 30, and is realized in cooperation with software
and hardware by executing, for example, a simulation method and a program which will be described later in which the
CPU is stored in advance.

[0065] The configuration of each part will be described below.

(A) Reception unit

[0066] The reception unit 41 receives input of commands and data from a user related to the processing executed by
the processing device 42. For example, the reception unit 41 includes a keyboard or a mouse for operated by a user
and inputting a command or the like, a communication device for inputting the command or the like through a network,
and a reading device for inputting the command or the like from various storage media such as a CD-ROM ora DVD-ROM.

(B) Processing device

[0067] The processing device 42 may include a first parameter acquisition unit 421, a second parameter calculation
unit 422, and a coarse-view particle behavior analysis unit 423. It should be noted that the processing device may include
further optional members as needed, for example, an initial setting unit or the like.

(B-1) First parameter acquisition unit

[0068] In the first parameter acquisition unit 421, for example, a first parameter including a parameter related to a
granular material to be analyzed can be acquired. The first parameter may include various parameters required for the
analysis in addition to the parameter associated with the granular material. Since the first parameter can be selected
depending on the content of the analysis (simulation), the specific type is not particularly limited. The first parameter
includes various parameters required for the discrete element method calculation, specifically one or more parameters
selected from, for example, particle size, particle number, Young’'s modulus, time step of calculation, Poisson’s ratio,
friction coefficient with wall surface, friction coefficient between particles, rolling friction coefficient, density, and the like.
[0069] The firstparameter may be data stored in a database or the like, or an experimental value obtained by performing
an experiment in advance. Further, the first parameter may be a calculated value obtained by fitting the experimental
results by simulation or the like.

(B-2) Second parameter calculation unit

[0070] As described above, in the simulation device 30 of the present embodiment, in order to reduce the amount of
calculation, a particle group including multiple particles in the granular material can be coarsely viewed into a single
coarse-view particle and the calculation can be performed with a smaller number of particles. However, the coarse-view
particle differs in various parameters such as mass from the individual particles constituting the particle group before
being coarsely viewed. Therefore, it is necessary to calculate and set the parameters required for the calculation of the
coarse-view particle.

[0071] Inthe second parameter calculation unit 422, as described in "(1) Parameter used for coarse-view particle and
calculating particle behavior of coarse-view particle”, the second parameter can be calculated using K, which is the
solution of the characteristic equation derived using the relationship between the elastic energy of the particle group
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before being coarsely viewed and the elastic energy of the coarse-view particle. Specifically, for example, assuming
that the elastic energy of the entire particle group 11 before being coarsely viewed is equal to the elastic energy of the
entire coarse-view particle, the aforementioned characteristic equation of K, in the vertical direction (i.e., Formula (13))
can be derived and K, in the vertical direction can be calculated from Formula (13). Then, the second parameter can be
calculated by using K in the vertical direction, which is the solution of the characteristic equation, in Formula (13). Further,
K. in the tangential direction can be calculated by using the characteristic equation of K, in the tangential direction in
Formula (19), and the second parameter can be calculated using such K in the tangential direction.

[0072] As described above, K, is a parameter that controls the behavior of the coarse-view particle, and by using K,
various parameters related to the behavior of the coarse-view particle can be calculated.

[0073] The type of the second parameter used in the coarse-view particle behavior analysis unit described later is not
particularly limited because the type of the second parameter can be selected according to the content of the analysis.
For example, the second parameter may also include the thermal conductivity of the coarse-view particle. In this case,
the second parameter calculation unit can calculate the thermal conductivity using the solution K, of the aforementioned
characteristic equation.

(B-3) Coarse-view particle behavior analysis unit

[0074] Inthe coarse-view particle behavior analysis unit 423, the behavior of the coarse-view particle can be analyzed
using the first parameter acquired by the first parameter acquisition unit 421 and the second parameter calculated by
the second parameter calculation unit 422. Specifically, the behavior of the coarse-view particle can be analyzed using
the discrete element method. The behavior of the granular material can be analyzed by analyzing the behavior of the
coarse-view particle.

[0075] It should be noted that the behavior here includes not only the change in position due to the motion of the
coarse-view particle, but also the state change such as temperature change.

(B-4) Initial setting unit

[0076] An initial setting unit (not illustrated) can initialize the position of the particles constituting the granular material
to be analyzed, and set conditions for analysis, such as the temperature of the area where the granular material is to
be placed, if necessary. For example, in a case where the initial conditions are set in advance in a program or the like
used for analyzing the behavior of the coarse-view particle in the coarse-view particle behavior analysis unit 423, or in
a case where the data is acquired by the first parameter acquisition unit 421, the initial setting unit may be omitted.

(C) Output unit

[0077] The output unit 43 may include a display or the like. The simulation result obtained by the coarse-view particle
behavior analysis unit 423 can be output to the output unit 43. The content of the simulation result to be output is not
particularly limited, but for example, the position of the coarse-view particle can be output to the output unit 43 as an
image in time series and displayed. Further, for example, a time series change of the temperature distribution of the
granular material can be output to the output unit 43 as an image and displayed.

[0078] According to the simulation device of the present embodiment described above, it is possible to simulate the
behavior of a granular material including multiple particles, and the use thereof is not particularly limited. For example,
it can be suitably used to simulate the behavior of the granular material in a rotating body such as a kiln. That is, the
simulation device of the present embodiment can also analyze the behavior of the granular material in the rotating body.
[0079] According to the simulation device of the present embodiment described above, the amount of calculation can
be reduced by making a particle group including multiple particles into a single coarse-view particle. Therefore, it is
possible to reduce the amount of calculation and efficiently calculate the behavior of the granular material on a large
scale, such as that of a plant used in a factory.

[0080] Since the parameter of the coarse-view particle is calculated by using the aforementioned parameter K, the
calculation can be performed with high accuracy.

[0081] The simulation device of the present embodiment may further include a granular material supply device, a
reaction furnace, a controller, or the like, to perform various manufacturing processes using the granular material by
using the simulation results.

[0082] The granular material supply device includes a device such as a hopper that can store and discharge granular
material. The granular material supply device may further have a feeder, a valve, or other supply controller to control
the amount of granular material discharged and supplied from the hopper or the like to the reaction furnace. Based on
the simulation results, it is preferable to include multiple granular material supply devices each containing granular
materials of different physical properties, such as granular materials of a desired average patrticle size.
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[0083] Examples ofthe reaction furnace include various reaction furnaces such as heating furnaces, and rotary furnaces
such as kilns. The granular material supply device and the reaction furnace can be connected by piping.

[0084] The controller can control to provide the granular material to the reaction furnace with the desired physical
properties, for example, the desired average particle size, based on the obtained results of the behavior of the granular
material in the reaction furnace. The controller can also control the heating conditions of the reaction furnace based on
the obtained results of the behavior of the granular material in the reaction furnace. Examples of heating conditions
include temperature conditions in the reaction furnace, atmospheric conditions, and heating time. Further, various sensors
may be provided in the granular material supply device or the reaction furnace to detect the amount of granular material
to be supplied, the temperature, and the like, and the measurement results measured at any time may be supplied to
the controller. In this case, the controller may control each device based on the obtained measurement data.

[0085] The controller may include a CPU, a main storage device, an auxiliary storage device, an input/output interface,
and the like, so that the controller can perform data processing such as control conditions and communicate with the
granular material supply device and the reaction furnace. The main storage device may include a RAM and a ROM, and
the auxiliary storage device may include an SSD and an HDD. The input/output interface may include a communication
interface for exchanging control signals and data with the granular material supply device or the reaction furnace. A type
of the communication interface is not particularly limited. Both wired and wireless communication methods can be used,
for example, a wired local area network (LAN) or a wireless LAN.

[0086] Asdescribed above, based on the result of the behavior of the granular material in the reaction furnace obtained
by the simulation, the granular material of the desired physical properties can be supplied from the granular material
supply device and further heated in the reaction furnace under the prescribed heating conditions to increase the reaction
rate of the granular material. Further, since the heating conditions can be optimized, the amount of energy used during
the reaction can be optimized to improve productivity.

[0087] If the simulation device of the present embodiment includes the above granular material supply device or the
like, the simulation device can also be called a reactor or the like. Further, the granular material supply device, the
reaction furnace, and the controller can be detachable from the unit for analyzing a behavior of a granular material
including multiple particles, and the simulation results can be reflected in the controller and then used separately.

<Simulation Method>

[0088] Next, a simulation method of the present embodiment will be described. The simulation method of the present
embodiment can be performed using, for example, the aforementioned simulation device. Therefore, the explanation
shall be omitted for some of the matters already explained.

[0089] The simulation method of the present embodiment relates to a simulation method of analyzing a behavior of a
granular material including multiple particles. The simulation method of the present embodiment can be performed
according to the flow diagram illustrated in FIG. 5 and may include the following processes.

[0090] The simulation method of the present embodiment may include a first parameter acquisition process (S1) for
acquiring a first parameter including a parameter related to a granular material; a second parameter calculation process
(S2) for calculating a second parameter, which is a parameter for a coarse-view particle, when a particle group including
multiple particles is coarsely viewed to form a single coarse-view particle; a coarse-view particle behavior analysis
process (S3) for analyzing a behavior of the coarse-view particle based on the first parameter and the second parameter.
In the second parameter calculation process (S2), the second parameter can be calculated by using a solution of a
characteristic equation using a relationship between an elastic energy of the particle group and an elastic energy of the
coarse-view particle.

[0091] Each process is described below.

(1) First parameter acquisition process (S1)

[0092] In the first parameter acquisition process (S1), a first parameter including a parameter related to a granular
material to be analyzed can be acquired. When the aforementioned simulation device is used, for example, the first
parameter acquisition process can be performed in the first parameter acquisition unit 421.

[0093] Since the first parameter can be selected depending on the content of the analysis, the specific type is not
particularly limited. The first parameter may be various parameters required for the discrete element method calculation.
Because a specific example of the first parameter has already been described with respect to the simulation device, the
description will be omitted here.

[0094] The first parameter may be data stored in a database or the like, or may be an experimental value obtained by
performing an experiment in advance. Further, the first parameter may be a calculated value obtained by fitting the
experimental results by simulation or the like.
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(2) Second parameter calculation process (S2)

[0095] In the simulation method of the present embodiment, in order to reduce the amount of calculation, a particle
group including multiple particles in the granular material can be coarsely viewed into a single coarse-view particle, and
the number of particles can be reduced to perform the calculation.

[0096] Therefore, in the second parameter calculation process (S2), as described in "(1) Parameter used for coarse-
view particle and calculating particle behavior of coarse-view particle", the second parameter can be calculated using
K., which is the solution of the characteristic equation derived using the relationship between the elastic energy of the
particle group before being coarsely viewed and the elastic energy of the coarse-view particle. Specifically, for example,
assuming that the elastic energy of the entire particle group 11 before being coarsely viewed is equal to the elastic
energy of the entire coarse-view particle, the aforementioned characteristic equation of K, in the vertical direction (i.e.,
Formula (13)) can be derived and K; in the vertical direction can be calculated from Formula (13). Then, the second
parameter can be calculated by using K in the vertical direction, which is the solution of the characteristic equation in
Formula (13). Further, K; in the tangential direction can be calculated by using the characteristic equation of K. in the
tangential direction in Formula (19), and the second parameter can be calculated using such K. in the tangential direction.
[0097] As described above, K; is a parameter that controls the behavior of the coarse-view particle, and by using K,
various parameters related to the behavior of the coarse-view particle can be calculated.

[0098] When the aforementioned simulation device is used, the second parameter calculation process can be per-
formed in the second parameter calculation unit 422, for example.

[0099] The type of the second parameter used in the coarse-view particle behavior analysis process described later
is not particularly limited because the type of the second parameter can be selected according to the content of the
analysis. For example, the second parameter can also include the thermal conductivity of the coarse-view particle. In
this case, the second parameter calculation process can calculate the thermal conductivity using the solution K of the
aforementioned characteristic equation.

(3) Coarse-view particle behavior analysis process (S3)

[0100] In the coarse-view particle behavior analysis process (S3), the behavior of the coarse-view particle can be
analyzed using the first parameter acquired in the first parameter acquisition process (S1) and the second parameter
calculated in the second parameter calculation process (S2). Specifically, the behavior of the coarse-view particle can
be analyzed using the discrete element method. The behavior of the granular material can be analyzed by analyzing
the behavior of the coarse-view particle.

[0101] It should be noted that the behavior here includes not only the change in position due to the motion of the
coarse-view particle, but also the state change such as temperature change.

(4) Initial setting process

[0102] The simulation method of the present embodiment may also include, for example, an initial setting process.
The initial setting process can initialize the position of the particles constituting the granular material to be analyzed, and
set conditions for analysis, such as the temperature of the area where the granular material is to be placed, if necessary.
For example, in a case where the initial conditions are set in advance in a program or the like used for analyzing the
behavior of the coarse-view particle in the coarse-view particle behavior analysis process, or in a case where the data
is acquired by the first parameter acquisition process, the initial setting process may be omitted.

(5) Output process

[0103] The simulation method of the present embodiment may also include an output process, for example. In the
output process, for example, the simulation result obtained by the coarse-view particle behavior analysis process (S3)
can be output to the output unit. The content of the simulation result to be output is not particularly limited, but for example,
the position of the coarse-view particle can be output as an image in time series and displayed. Further, for example, a
time series change of the temperature distribution of the granular material can be output to the output unit as an image
and displayed.

[0104] According to the simulation method of the present embodiment described above, the amount of calculation can
be reduced by making a particle group including multiple particles into a single coarse-view particle. Therefore, it is
possible to reduce the amount of calculation and efficiently calculate the behavior of the granular material on a large
scale, such as that of a plant used in a factory.

[0105] Since the parameter of the coarse-view particle is calculated by using the aforementioned parameter K, the
calculation can be performed with high accuracy.
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[0106] The simulation method of the present embodiment may further include a granular material supply process, a
reaction process, or the like, to perform various manufacturing processes using the granular material by using the
simulation results.

[0107] In the granular material supply process, a granular material can be supplied from the granular material supply
device to the reaction furnace based on a result of a behavior of the granular material in the reaction furnace obtained
by simulation. In this case, the granular material of a specified physical property selected based on the simulation result
can be supplied as the granular material.

[0108] Further, in the reaction process, the granular material supplied to the reaction furnace in the granular material
supply process can be heated. In this case, the granular material can be heated under prescribed heating conditions
based on the simulation result.

[0109] As described above, based on the result of the behavior of the granular material in the reaction furnace obtained
by the simulation, the granular material of the desired physical properties can be supplied from the granular material
supply device and further heated in the reaction furnace under the prescribed heating conditions to increase the reaction
rate of the granular material. Further, since the heating conditions can be optimized, the amount of energy used during
the reaction can be optimized to improve productivity.

[0110] When the simulation method of the present embodiment performs the above granular material supply process
or the like, the simulation method may also be a granular material processing method or the like.

<Program>

[0111] Next, the program of the present embodiment will be described.

[0112] The program of the present embodiment relates to a program for analyzing a behavior of a granular material
including multiple particles, and the computer can function as the following parts.

[0113] Afirstparameter acquisition unit acquires a first parameter including a parameter related to the granular material.
[0114] A second parameter calculation unit calculates a second parameter, which is a parameter for a coarse-view
particle, when a particle group including multiple particles is coarsely viewed to form a single coarse-view patrticle.
[0115] A coarse-view particle behavior analysis unit analyzes a behavior of the coarse-view particle based on the first
parameter and the second parameter.

[0116] The second parameter calculation unit calculates the second parameter by using a solution of the characteristic
equation that uses a relationship between an elastic energy of the particle group and an elastic energy of the coarse-
view particle.

[0117] The second parameter may also include the thermal conductivity of the coarse-view patrticles. In this case, the
second parameter calculation unit can calculate the thermal conductivity using the solution of the aforementioned char-
acteristic equation.

[0118] The program according to the present embodiment can be stored in various storage media of the main storage
device or the auxiliary storage device such as the RAM or ROM of the simulation device described above. The program
can be read and executed by the CPU to read and write data in the RAM or the like, and the input/output interface and
the display device can be operated. For this reason, the description of the matters already described in the simulation
device is omitted.

[0119] The program ofthe presentembodiment described above may be provided by storing it on a computer connected
to a network such as the Internet and downloading it via the network. The program of the present embodiment may be
provided and distributed via a network such as the Internet.

[0120] The program of the present embodiment may be distributed or distributed while stored in an optical disk such
as a CD-ROM or a recording medium such as a semiconductor memory.

[0121] Accordingtothe program of the presentembodiment described above, the amount of calculation can be reduced
by making a particle group including multiple particles into a single coarse-view particle. Therefore, it is possible to
reduce the amount of calculation and efficiently calculate the behavior of the granular material on a large scale, such
as that of a plant used in a factory.

[0122] Further, since the parameter of the coarse-view particle is calculated by using the aforementioned parameter
K., the calculation can be performed with high accuracy.

2. Second Embodiment
<Simulation Device>
(1) Parameter used for coarse-view particle and calculating particle behavior of coarse-view particle

[0123] In a second embodiment, when calculating the amount of overlap for the equation of motion in the tangential
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direction, the point of assuming that the angular momentum and rotational energy coincide before and after coarse-view
differs from that of the first embodiment described above. Further, with respect to the equation of motion in the rotational
direction, the torque can be calculated using the amount of overlap obtained as described above. This enables the
behavior of the particles after coarse-view to be analyzed more accurately while reducing the amount of calculation.

(1-1) Amount of overlap

[0124] Generally, the amount of overlap in the tangential direction is obtained by using the time integral of the tangential
component v, (indicated by an arrow above v, in the formula below) of the velocity from the start of the contact to the
end of the contact. Where t is the time, the vector r (indicated by an arrow above r in the formula below) is the vector
from the center of the particles constituting the particle group 11 to the contact point, and the vector w (indicated by an
arrow above w in the formula below) is the rotation vector of the particle group 11.

[0125] Note that hatt in the following formula (indicated by a hat above t in the formula below) indicates the unit vector
of overlap in the tangential direction.

[Math 29]

end
5@:] G+ BxP)dt e (28)
S

tart

[0126] Therefore, each amount of overlap between the particle and the wall surface is expressed by the following
Formula (29). Note that the subscript t in the following formula means the tangential component.
[Math 30]

end
5w,tf=f (Ve + @ X TP)dt -+ (29)
S

tart

[0127] The amount of overlap between particles can be expressed by the following Formula (30).
[Math 31]

end
5p,ti=j (Tpr + 2@ X F)dt = (30)
S

tart

[0128] Meanwhile, the amount of overlap of the coarse-view particle 21 is expressed by the following Formula (31).
Note that the vector o, (indicated by the arrow above ay,, in the following formula) is the rotation vector of the coarse-
view particle 21.

[Math 32]

end
6cw’tf = j (Wew,t T Wy X ar)dt «+:(31)
S

tart

[0129] Here, as in the case of Formula (11), which is the equation of motion in the vertical direction, if the position of
the center of gravity of the particle group 11 before being coarsely viewed and the coarse-view particle 21 coincide, the
relationship of Formula (32) below is satisfied.

[Math 33]
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. 1 A
6W,tt + E (a - 1)6p,tt

end 1
= js {vw,t + E(a — v, + aw X r} dt -+« (32)

tart

end
= j (Vewe + @, X T)dt
S

tart

[0130] Here, when the rotation of the particle is considered, the rotational degree of freedom remains for the center
of gravity movement. Even if the center of gravity positions coincide, there are cases where Formula (31) and Formula
(32) do not coincide. Therefore, it is necessary to convert the rotational motion of the particle group 11 to the rotational
motion of the coarse-view particle 21. Therefore, with respect to rotation, the angular momentum and the rotational
energy are assumed to coincide before and after the coarse-view. In this case, the angular momentum is given by the
following formula.

[Math 34]

Iew®ew = aslsws) + l,w, =+ +(33)

[0131] Further, the rotational kinetic energy is given by the following formula.
[Math 35]

—_—

1 —_ 1 —_
Elcwlwcwl2 =EC¥315|(DS|2+EIO|(1)O|2 =+ (34)

[0132] In Formula (33)and Formula (34) above, the first and second terms on the right-hand side denote the rotational
motion component (Spin) and the orbital motion component (Orbit) of the particle group before being coarsely viewed,
respectively. The vectors o, og, and o, (o, ®g, and o, indicated by an arrow above in Formula (33) and Formula
(34)) denote the angular velocity of the coarse-view particle, the angular velocity of the rotational motion of the particle
group before being coarsely viewed, and the angular velocity of the orbital motion of the particle group before being
coarsely viewed, respectively. Further, |, Is and |, denote the moment of inertia of the coarse-view particle, the moment
of inertia of the rotational motion of the particle group before being coarsely viewed, and the moment of inertia of the
orbital motion of the particle group before being coarsely viewed.

[0133] When the orbital motion component is eliminated by combining Formula (33) and Formula (34), the following
Formula (35) is obtained.

[Math 36]

a’+1
(1) P =7E e (35)

[0134] From this, the amount of overlap in the tangential direction of the coarse-view particle can be defined as follows.
[Math 37]

Y 20
Sew el & Vews T 3777 Pew X ardt -+ (36)
S

[0135] Under this definition, as in the vertical direction, the following Formula (37) holds.
[Math 38]
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1
Ow,s + 2 (a— 1)6p,t = Ocwe »=+(37)

[0136] Herein, Formula (33), Formula (34), and Formula (35) are used for simplification of calculation, but there are
several possible types depending on the shape of the coarse-view particle. For example, an attempt to calculate the
moment of inertia by considering the shape factor of the coarse-view particle in the cubic shape yields the following
Formula (38) to Formula (41).

[Math 39]
Iy @ = a3l@, + 00 .4+ (38)
[Math 40]
2
IC — ngmaS - (39)
[Math 41]
2
Iy ==1’m -+ - (40)
5
[Math 42]
I, = %rzma?’ (a?—1) coe (41)

[0137] Therefore, assuming og = o, with respect to angular momentum storage and vectors g and w,, Formula (42)
and Formula (43) below are obtained from Formula (38).

[Math 43]
Us) = B(C() W ey -+ (42)
[Math 44]
6a?

B(a) & = -« (43)

aZ+1

[0138] Alternatively, the relationship between the vectors wg and the vector w,, may be determined with respect to
the vectors wg and o, for example, by assuming og = ©,. These can be selected according to the phenomena to be
calculated.

[0139] Inthis way, itis also possible to determine the amount of overlap of the particles constituting the particle group
before being coarsely viewed.

(1-2) Equation of rotational motion

[0140] The tangential force can be calculated from the amount of overlap in the tangential direction described so far
to calculate the torque. The rolling friction between each particle and between the particle and the wall surface generates
a torque proportional to the product of the vertical drag on the particle and the contact radius. Since each rolling friction
is generated in each particle, the rolling friction resistance across the coarse-view particle can be expressed by the
following Formula (44).

[0141] In Formula (44), the vector T, ¢ denotes the rolling friction resistance of the entire coarse-view particle, the
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vector T, ¢ denotes the rolling friction resistance between the particle group 11 and the wall surface 12 or the external
particle, and the vector prmc represents the rolling friction resistance between internal particles of particle group 11.
Each vector is represented by an arrow above the letter in the formula below. Note that in the particle group 11, the
vector T, ¢ is doubled, as illustrated in Formula (44), because the opposite contact force is exerted by the action-
reaction between particles.

[0142] The vectors T, ¢ and T, 4. are represented by Formula (45) and Formula (46). Note that hat w in the formula
denotes a unit vector in the direction of rotation.

[Math 45]
Teot fric = Twric + 2T p fric -+ (44)
[Math 46]
TW'fTiC = _”Waszrw,conta) -+ - (45)
[Math 47]
Tp,fric = _”Paz (a— 1)Fprp,conta’ -+« (46)

[0143] The contactradius r,, and o in Formula (45) and Formula (46) can be geometrically calculated from the amount
of overlap, and the accuracy can be enhanced by using the amount of overlap calculated based on the previously
described definition of the equation of motion in the tangential direction. Further, ., denotes the rolling friction coefficient
of the particle group 11 with the wall surface 12 or with the external particle, and p, denotes the rolling friction coefficient
of the internal particles of the particle group 11.

[0144] Further, the equation of motion in the rotational direction can be expressed as follows.

[Math 48]

deg

I_
¢ dt

- CKST_) X Fw't + CKSF X FdW,t + TW,fTiC + ZTp'friC e (47)

(2) Simulation device

[0145] Even in the simulation device of the present embodiment, the second parameter calculation unit can calculate
the second parameter by using the solution of the characteristic equation using the relationship between the elastic
energy of the particle group and the elastic energy of the coarse-view particle. However, when the equation of motion
in the tangential direction is used, itis possible to calculate the amount of overlap by assuming that the angular momentum
and rotational energy coincide before and after coarse-view. Further, in the case of the equation of motion in the rotational
direction being used, when calculating the torque, the amount of overlap calculated in the case of the equation of motion
in the tangential direction being used can be used.

[0146] Except for the above points, since the configuration can be the same as that of the simulation device according
to the first embodiment, the description will not be repeated here.

<Simulation Method>

[0147] Even in the simulation method of the present embodiment, in the second parameter calculation process, the
second parameter can be calculated by using the solution of the characteristic equation derived using the relationship
between the elastic energy of the particle group before being coarsely viewed and the elastic energy of the coarse-view
particle. However, when the equation of motion in the tangential direction is used, it is possible to calculate the amount
of overlap by assuming that the angular momentum and rotational energy coincide before and after coarse-view. Further,
in the case of the equation of motion in the rotational direction being used, when calculating the torque, the amount of
overlap calculated in the case of the equation of motion in the tangential direction being used can be used.

[0148] Except for the above points, since the configuration can be the same as that of the simulation method according
to the first embodiment, the description will not be repeated here.

18



10

15

20

25

30

35

40

45

50

55

EP 4 160 184 A1
<Program>

[0149] Even in the program according to this embodiment, the second parameter calculation unit can calculate the
second parameter by using the solution of the characteristic equation using the relationship between the elastic energy
of the particle group and the elastic energy of the coarse-view particle. However, when the equation of motion in the
tangential direction is used, it is possible to calculate the amount of overlap by assuming that the angular momentum
and rotational energy coincide before and after coarse-view. Further, in the case of the equation of motion in the rotational
direction being used, when calculating the torque, the amount of overlap calculated in the case of the equation of motion
in the tangential direction being used can be used.

[0150] Except for the above points, since the configuration can be the same as that of the program according to the
first embodiment, the description will not be repeated here.

<Embodiments>

[0151] Although specific embodiments will be described below, the present invention is not limited to these embodi-
ments.

<Experimental Example 1>
<Comparative Example 1-1>

[0152] The temperature change of the granular material layer filled in a rectangular container was analyzed by the
discrete element method calculation when heating was performed from the bottom using the parameters illustrated in
Table 1. The change in the average temperature of the granular material layer in the container obtained by the analysis
is illustrated in FIG. 6. The coefficient of restitution was 0.1, the coefficient of friction was 0.7, and the coefficient of rolling
friction was 0.001.

[Table 1]
EMBODIMENT COMPARATIVE COMPARATIVE
1-1 EXAMPLE 1-1 EXAMPLE 1-2
PARTICLE SIZE 4 mm 2 mm 4 mm
PARTICLE-PARTICLE THERMAL
CONDUCTIVITY 1107 W/m 1000 W/m 1000 W/m
PARTICLE-WALL THERMAL

CONDUCTIVITY 1196 W/m 1000 W/m 1000 W/m

INITIAL TEMPERATURE 300 K 300 K 300 K
YOUNG’S MODULUS 2.5 X 106 Pa
POISSON’S RATIO 0.25

<Comparative Example 1-2>

[0153] The temperature change of the granular material layer filled in the rectangular container was analyzed under
the same conditions as in Comparative Example 1-1 except that the coarse-view magnification a was set at 2 and the
particle group including 8 particles was made into a single coarse-view particle. Although the particle size was changed
asillustrated in Table 1 because the coarse-view particle was used, the analysis was performed using the same param-
eters as in Comparative Example 1-1 except for the particle size. The change in the average temperature of the granular
material layer in the container obtained by the analysis is illustrated in FIG. 6.

<Embodiment 1-1>
[0154] The temperature change of the granular material layer filled in the rectangular container was analyzed using
the simulation device described above, with the coarse-view magnification o set at 2.

[0155] Specifically, the first parameter including a parameter related to the granular material to be analyzed was
acquired by the first parameter acquisition unit 421 (i.e., the first parameter acquisition process S1).
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[0156] In this case, the same parameters as in Comparative Example 1-2 were obtained.

[0157] Then, the second parameter calculation unit 422 calculated the second parameter, which is a parameter for
the coarse-view particle (i.e., the second parameter calculation process S2).

[0158] At this time, the thermal conductivity for the coarse-view particle was calculated by Formula (26) and Formula
(27) by using the parameter K, which is the solution of the characteristic equation illustrated in Formula (13) and Formula
(19) above. The coefficient of restitution, the coefficient of friction, and the coefficient of rolling friction were calculated
by using the characteristic equation. As described above, depending on the model applied to the calculation, these
coefficients are adjustable and can be calculated and converted by using the characteristic equation as described above.
The calculated parameter K, is illustrated in Table 2.

[Table 2]
Kr
PARTICLE-PARTICLE | 0.4805
VERTICAL DIRECTION
PARTICLE-WALL 0.6057
PARTICLE-PARTICLE | 0.6135
TANGENTIAL DIRECTION
PARTICLE-WALL 0.7159

[0159] The obtained, calculated first parameter and second parameter are illustrated in Table 1. Then, based on the
parameters illustrated in Table 1, the behavior of the coarse-view particle, specifically the temperature change, was
analyzed in the coarse-view patrticle behavior analysis unit 423 (i.e., the coarse-view particle behavior analysis process
S3). The results are illustrated in FIG. 6.

[0160] According to the results illustrated in FIG. 6, the result of Embodiment 1-1 is almost identical to the result of
Comparative Example 1-1, which did not perform coarse-view, and it can be checked that the parameters of the coarse-
view particle were appropriately selected, set, and analyzed.

[0161] In Embodiment 1-1, the number of particles is 1/8 times larger than in Comparative Example 1-1 because of
the coarse-view, and the amount of calculation can be reduced compared to Comparative Example 1-1.

<Experimental Example 2>
<Comparative Example 2-1>

[0162] The behavior of the granular material in the kiln, which is a rotating body, was analyzed by the discrete element
method calculation using the parameters illustrated in Table 3. The coefficient of restitution was 0.75, the coefficient of
friction was 0.3, and the coefficient of rolling friction was 0.5. The movement of granular material in the kiln obtained by
the analysis is illustrated in FIG. 8A to 8D, the temperature distribution of the granular material in the kiln obtained by
the analysis is illustrated in FIG. 11A to 11C, and the average temperature of the granular material (particles) in the kiln
obtained by the analysis is illustrated in FIG. 13.

[0163] FIG. 8A illustrates the state before a kiln 70 begins to rotate, with the grouped first granular material group 71
and the second granular material group 72 half each. FIG. 8B, 8C, and 8D illustrate the state of the kiln at 2 seconds,
4 seconds, and 6 seconds after the start of the rotation, respectively, and illustrate the state in which the first granular
material group 71 and the second granular material group 72 are mixed.

[0164] FIG. 11A llustrates the state before the kiln 70 begins to rotate, it can be checked that the temperature is within
the first temperature region 101 and is uniform. FIG. 11B and 11C illustrate the state of the kiln 3 seconds after the start
of rotation and 6 seconds after the start of the rotation, respectively. Since the kiln 70 is heated from the outer wall side
of the kiln 70, it can be confirmed that the first temperature region 101, the second temperature region 102, and the third
temperature region 103 are distributed in order from the center side of the granular material. The temperature increases
in the order of the first temperature region 101, the second temperature region 102, and the third temperature region 103.

[Table 3]
EMBODIMENT COMPARATIVE COMPARATIVE
2-1 EXAMPLE 2-1 EXAMPLE 2-2
PARTICLE SIZE 8 mm 2 mm 8 mm
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(continued)
EMBODIMENT COMPARATIVE COMPARATIVE
2-1 EXAMPLE 2-1 EXAMPLE 2-2
PARTICLE-PARTICLE THERMAL
CONDUCTIVITY 1176 W/m 1000 W/m 1000 W/m
PARTICLE-WALL THERMAL
CONDUCTIVITY 1350 W/m 1000 W/m 1000 W/m
WALL TEMPERATURE 1000 K
NUMBER OF ROTATIONS 10 rpm
YOUNG’S MODULUS 2.5 X 10% Pa
POISSON’S RATIO 0.25

<Comparative Example 2-2>

[0165] The behavior of the granular material in the kiln, which is a rotating body, was analyzed under the same
conditions as in Comparative Example 2-1 except that the coarse-view magnification o was 4 and the particle group
including 64 particles was made into a single coarse-view particle. As illustrated in Table 3, the analysis was performed
using the same parameters as in Comparative Example 2-1 except for the particle size. The movement of granular
material in the kiln determined by the analysis is illustrated in FIG. 9A to 9D, the temperature distribution of granular
material in the kiln determined by the analysis is illustrated in FIG. 12A to 12C, and the average temperature of granular
material in the kiln determined by the analysis is illustrated in FIG. 13.

[0166] FIG. 9A illustrates the state before the kiln 70 begins to rotate, with the grouped first granular material group
71 and the second granular material group 72 half each. FIG. 9B, 9C, and 9D illustrate the state of the kiln at 2 seconds,
4 seconds, and 6 seconds after the start of the rotation, respectively, and illustrate the state in which the first granular
material group 71 and the second granular material group 72 are mixed.

[0167] FIG. 12A illustrates the state before the kiln 70 begins to rotate, it can be checked that the temperature is within
the first temperature region 101 and is uniform. FIG. 12B and 12C illustrate the state of the kiln 3 seconds after the start
of rotation and 6 seconds after the start of the rotation, respectively. Since the kiln 70 is heated from the outer wall side
of the kiln 70, it can be confirmed that the first temperature region 101, the second temperature region 102, and the third
temperature region 103 are distributed in order from the center side of the granular material. The temperature increases
in the order of the first temperature region 101, the second temperature region 102, and the third temperature region 103.

<Embodiment 2-1>

[0168] The behavior of the granular material in the kiln, which is a rotating body, was analyzed using the simulation
device described above, with the coarse-view magnification o set at 4.

[0169] Specifically, the first parameter including a parameter related to the granular material to be analyzed was
acquired by the first parameter acquisition unit 421 (i.e., the first parameter acquisition process S1).

[0170] In this case, the same parameters as in Comparative Example 2-2 were obtained.

[0171] Then, the second parameter calculation unit 422 calculated the second parameter, which is a parameter for
the coarse-view particle (i.e., the second parameter calculation process S2).

[0172] At this time, the thermal conductivity for the coarse-view particle was calculated by Formula (26) and Formula
(27) by using the parameter K, which is the solution of the characteristic equation illustrated in Formula (13) and Formula
(19) above. The coefficient of restitution, the coefficient of friction, and the coefficient of rolling friction were calculated
by using the characteristic equation. The calculated parameter K; is illustrated in Table 4.

[Table 4]

Kr
PARTICLE-PARTICLE | 0.2036
PARTICLE-WALL 0.3084

VERTICAL DIRECTION
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(continued)
Kr
PARTICLE-PARTICLE | 0.3460
TANGENTIAL DIRECTION
PARTICLE-WALL 0.4565

[0173] The obtained, calculated first parameter and second parameter are illustrated in Table 3. Then, based on the
parameters illustrated in Table 3, the behavior of the coarse-view particle, specifically the movement in the kiln or the
temperature change, was analyzed in the coarse-view particle behavior analysis unit 423 (i.e., the coarse-view particle
behavior analysis step S3). The movement of the granular material in the kiln obtained by analysis is illustrated in FIG.
7A to 7D, the temperature distribution of granular material in the kiln obtained by analysis is illustrated in FIG. 10A to
10C, and the average temperature of granular material in the kiln obtained by analysis is illustrated in FIG. 13.

[0174] FIG. 7A illustrates the state before the kiln 70 begins to rotate, with the grouped first granular material group
71 and the second granular material group 72 half each. FIG. 7B, 7C, and 7D illustrate the state of the kiln at 2 seconds,
4 seconds, and 6 seconds after the start of the rotation, respectively, and illustrate the state in which the first granular
material group 71 and the second granular material group 72 are mixed.

[0175] FIG. 10A illustrates the state before the kiln 70 begins to rotate, it can be checked that the temperature is within
the first temperature region 101 and is uniform. FIG. 10B and 10C illustrate the state of the kiln 3 seconds after the start
of rotation and 6 seconds after the start of the rotation, respectively. Since the kiln 70 is heated from the outer wall side
of the kiln 70, it can be confirmed that the first temperature region 101, the second temperature region 102, and the third
temperature region 103 are distributed in order from the center side of the granular material. The temperature increases
in the order of the first temperature region 101, the second temperature region 102, and the third temperature region 103.
[0176] As is clear from the comparison of FIG. 7A to 7D with FIG. 8A to 8D and from the comparison of FIG. 10A to
10C with FIG. 11A to 11C, the result of Embodiment 2-1 is almost identical to the result of Comparative Example 2-1,
which did not perform coarse-view, and it can be checked that the parameters of the coarse-view particle were appro-
priately selected, set, and analyzed.

[0177] InFIG. 13, it can be checked that Embodiment 2-1 and Comparative Example 2-1 had similar tendencies such
as having an inflection point.

[0178] Further, in Embodiment 2-1, the number of particles is 1/64 times larger than in Comparative Example 2-1
because of the coarse-view, and the amount of calculation can be reduced compared to Comparative Example 2-1.
[0179] Asdescribed above, a simulation device, a simulation method, and a program has been described with reference
to the above-described embodiment and example, but the present invention is not limited to the aforementioned em-
bodiment and example. Various modifications and variations are possible within the scope of the subject matter of the
invention as defined in the claims.

[0180] The present application claims priority under Japanese Patent Application No. 2020-95620 filed June 1, 2020,
and Japanese Patent Application No. 2020-162719 filed September 28, 2020. The contents of which are incorporated
herein by reference in their entirety.

[Description of the Reference Numeral]

[0181]

11 particle group

11A, 11B  particle

21 coarse-view particle

30 simulation device

421 first parameter acquisition unit

422 second parameter calculation unit

423 coarse-view particle behavior analysis unit
S1 first parameter acquisition process

S2 second parameter calculation process

S3 coarse-view particle behavior analysis process
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device comprising:

a first parameter acquisition unit that acquires a first parameter including a parameter relating to the granular
material;

a second parameter calculation unit that calculates a second parameter when a particle group including the
plurality of particles is coarsely viewed as a single coarse-view particle, the second parameter relating to the
coarse-view particle; and

a coarse-view particle behavior analysis unit that analyzes a behavior of the coarse-view particle based on the
first parameter and the second parameter,

wherein the second parameter calculation unit calculates the second parameter by using a solution of a char-
acteristic equation using a relationship between an elastic energy of the particle group and an elastic energy
of the coarse-view particle.

The simulation device according to claim 1, wherein the second parameter includes a thermal conductivity of the
coarse-view particle, and the second parameter calculation unit calculates the thermal conductivity by using the
solution of the characteristic equation.

The simulation device according to claim 1 or 2, wherein the behavior of the granular material in a rotating body is
analyzed.

A simulation method of analyzing behavior of a granular material that includes a plurality of particles, the simulation
method comprising:

a first parameter acquisition process for acquiring a first parameter including a parameter relating to the granular
material;

a second parameter calculation process for calculating a second parameter, when a particle group including
the plurality of particles is coarsely viewed to form a single coarse-view particle, the second parameter relating
to the coarse-view particle; and

a coarse-view particle behavior analysis process for analyzing a behavior of the coarse-view particle based on
the first parameter and the second parameter,

wherein the second parameter calculation process calculates the second parameter by using a solution of a
characteristic equation that uses a relationship between an elastic energy of the particle group and an elastic
energy of the coarse-view patrticle.

The simulation method according to claim 4, wherein the second parameter includes a thermal conductivity of the
coarse-view particle, and the thermal conductivity is calculated by using the solution of the characteristic equation
in the second parameter calculation process.

A program for analyzing behavior of a granular material that includes a plurality of particles, the program causes a
computer to function as:

a first parameter acquisition unit that acquires a first parameter including a parameter relating to the granular
material;

a second parameter calculation unit that calculates a second parameter, when a particle group including the
plurality of particles is coarsely viewed to form a single coarse-view particle, the second parameter relating to
the coarse-view particle; and

a coarse-view particle behavior analysis unit that analyzes a behavior of the coarse-view particle based on the
first parameter and the second parameter,

wherein the second parameter calculation unit calculates the second parameter by using a solution of a char-
acteristic equation that uses a relationship between an elastic energy of the particle group and an elastic energy
of the coarse-view particle.

The program according to claim 6, wherein the second parameter includes a thermal conductivity of the coarse-

view particle, and the second parameter calculation unit calculates the thermal conductivity by using the solution of
the characteristic equation.
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